INTRODUCTION
Eukaryotic cell death in response to either physiological or non-physiological insults is classified under two main categories: necrosis and apoptosis. Morphological characteristics of necrosis include generalized swelling of cells, disruption and loss of plasma membrane integrity accompanied by extensive cytoplasmic vacuolation (Goudie, 1985) . A recent study by Scaffidi et al. (2002) also documented the exclusive release of high mobility group 1 (HMGB1) protein, a chromatin-binding factor, from necrotic cells, which was not observed in cells undergoing apoptosis. The release of HMGB1 protein triggers inflammatory reactions that result in extreme tissue damage.
In contrast, apoptosis is an energy-dependent process of cell death that displays distinct hallmarks, including cytoplasmic shrinkage, chromatin condensation and intranucleosomal cleavage, phosphatidylserine exposure, plasma membrane blebbing, activation of caspases and cell fragmentation into apoptotic bodies which are phagocytosed without provoking an inflammatory response (White, 1996; Vaux & Strasser, 1996; O'Brien, 1998; Hay & Kannourakis, 2002) . The execution of either necrosis or apoptosis in virus-infected cells reflects the pathogenicity of viruses (Hay & Kannourakis, 2002) .
West Nile (WN) virus is a single-stranded, plus-sense, mosquito-borne RNA virus. WN virus is a member of the family Flaviviridae and cross-neutralization studies showed that WN virus is antigenically related to the Japanese encephalitis virus serocomplex. WN virus can cause a spectrum of illnesses, which includes WN fever, chorioretinitis, acute flaccid paralysis syndrome and fatal meningoencephalitis (George et al., 1984; CDC, 2002; Adelman et al., 2003; Bains et al., 2003) . The clinical manifestations of WN virus infection are well defined but the mechanism of pathogenesis of WN virus has not been elucidated fully.
Previous studies have documented that WN virus could infect, and induce CPE in, a variety of cell cultures of human, primate, rodent and insect origin (Paul et al., 1969; Odelola & Fabiyi, 1977; Jordan et al., 2000) . In several human cases, as well as in experimental animal studies, of fatal WN virus infection, the triggering of both necrosis and apoptosis in infected cells and tissue was observed (Sampson et al., 2000; Senne et al., 2000; Shieh et al., 2000; Cantile et al., 2001; Xiao et al., 2001) .
Using Mesocricetus auratus (golden hamster) as a model for WN virus encephalitis, Xiao et al. (2001) noted the activation of perivascular inflammation and microgliosis in response to neuronal cell death. The activation of an inflammatory response implied that there was a secondary response to WN virus-induced cell death, which may contribute to the fatal outcome. The intention of this study To determine virus growth curves, Vero cells were infected with WN virus at an m.o.i. of 0?1, 1, 10 and 100 and productive virus was harvested at selected time periods for plaque assay. To determine cell viability, the trypan blue-exclusion method was used. Cell morphology was observed under an optical microscope (Olympus BX-60, Japan).
Reagents and antibodies. Cytochalasin B was purchased from Sigma. Antibodies for poly(ADP-ribose) polymerase (PARP), HMGB1 protein and cytochrome c were purchased from BD Transduction Laboratories.
Indirect immunofluorescence microscopy. For immunofluorescence microscopy, cell monolayers were grown on coverslips and infected with WN virus (strain Sarafend) at an m.o.i. of 10. The procedure was similar to that described by Chu & Ng (2002) . In brief, at 12 h post-infection (p.i.), cells were fixed with cold absolute methanol (Merck) for 10 min, followed by a wash in cold PBS for 15 min. Cells were then washed further in cold PBS containing 0?1 % BSA to eliminate non-specific binding. Cells were incubated with the primary antibodies (at a 1 : 1000 dilution for anti-HMGB1 antibodies) in a humidity chamber for 1 h at 37 uC, washed and incubated with Texas red (TR)-conjugated secondary antibodies (Amersham Pharmacia). Before mounting onto ethanol-cleaned glass slides using Dabco, the processed coverslips were washed. Laser scanning confocal microscopy (Leica TCS SP2) was used to view the specimens at excitation wavelengths of 480 nm for FITC and 543 nm for TR using oil immersion objectives.
Ultrastructural studies. At selected times p.i., Vero cells infected with WN virus at an m.o.i. of 0?1, 1, 10 and 100 were washed twice with cold PBS and fixed with 2?5 % glutaraldehyde and 2 % paraformaldehyde. Cells were then post-fixed for 90 min at 4 uC in 1 % osmium tetroxide. A series of ethanol dilutions of increasing concentration were used to dehydrate the samples before embedding in low-viscosity epoxy resin. Ultrathin sections (50-70 nm) stained with 2 % uranyl acetate and post-stained with 2 % lead citrate were viewed under a Philips electron microscope (CM 120, BioTwin).
Lactate dehydrogenase (LDH) assay. The release of LDH was detected using CytoTox 96 (Promega) in accordance with manufacturer's procedure (Miroslav, 1995) . In brief, at different time points after virus infection with different m.o.i., supernatants collected were centrifuged to obtain cell-free supernatants. Of each sample, 50 ml per well was transferred to 96-well plates. LDH activity was detected by addition of freshly prepared reagents followed by incubation for 30 min in the dark at room temperature. The concentration of LDH was determined using an ELISA plate reader at an absorbance of 490 nm. The concentration of LDH was expressed as the fold increase in LDH activity from WN virus-infected cells with respect to that of mock-infected cells. Treatment of WN virus-infected cells with cytochalasin B was performed essentially as described by Chu et al. (2003) . Briefly, Vero cell monolayers were infected with WN virus at an m.o.i. of 10.
After adsorption for 1 h, 2 ml maintenance medium supplemented with cytochalasin B (10 mg ml
21
) was added to the cultures. At different time intervals p.i., cell supernatants were harvested and the release of LDH was determined, as described above.
Fluorometric assay for caspase activity. Vero cells were infected with WN virus at either an m.o.i. of 1 or an m.o.i. of 10. At selected time intervals p.i., WN virus-infected cells were harvested and processed in accordance with manufacturer's instructions (Clontech) to determine caspase-3, -8 or -9 activities. In brief, the total number of cells was first adjusted to 2610 5 cells per well of the 96-well microtitre plate and lysed. The clarified cell lysate was incubated with the appropriate reactants for each caspase. Samples were analysed in a fluorescent plate reader with an excitation wavelength of 380 nm and an emission wavelength of 460 nm. The activity of each caspase was expressed as the fold increase in WN virus-infected cells with respect to that of mock-infected cells.
Chromosomal DNA fragmentation assay. At appropriate time intervals after infection, mock-and WN virus-infected cells were scraped and sedimented by centrifugation at 1000 r.p.m. Ice-cold PBS was used to wash the cell pellets before lysis in TNT buffer (20 mM Tris-HCl, pH 7?5, 0?5 M NaCl and 1 % Triton X-100) supplemented with a commercial protease inhibitor mixture (Roche) at 4 uC for 30 min. The cell lysate was centrifuged for 10 min at 10 000 r.p.m. and the supernatant containing the fragmented DNA was incubated with 50 mg RNase ml 21 (Roche) for 2 h at 37 uC. The mixture was extracted using phenol/chloroform. DNA was precipitated in 70 % isopropanol and 20 mg glycogen ml 21 for 3 h at 270 uC. The DNA pellet was dissolved in TE buffer (10 mM TrisHCl, pH 8, and 1 mM EDTA) and the DNA samples were analysed by 2 % agarose gel electrophoresis. The gel was stained with 1 mg ethidium bromide ml 21 and viewed under UV lighting.
Cytosolic cytochrome c assay. Cytosolic cytochrome c from mock-and WN virus-infected cells was prepared as described by Carrascosa et al. (2002) . In brief, cells were resuspended in extraction buffer (50 mM Tris-HCl, pH 7?6, 150 mM NaCl, 0?5 mM EDTA, 10 mM Na 2 HPO 4 and 1 % Nonidet P-40) for 30 min at 4 uC. The cell lysate was then centrifuged at 20 000 g for 30 min and the supernatant was subjected to SDS-PAGE followed by Western blotting to detect cytosolic cytochrome c.
Terminal deoxynucleotidyl transferase-mediated dUTP nickend labelling (TUNEL) assay. WN virus-infected cells grown on coverslips were processed for TUNEL assays at the appropriate times p.i. Cells were washed with PBS once before fixation with 1 % paraformaldehyde for 10 min at room temperature. Cells were then permeabilized with 70 % ethanol at 220 uC. Apoptotic cells were stained using the ApoAlert DNA Fragmentation kit (Clontech), according to the manufacturer's instructions. Processed coverslips were mounted before viewing with a laser scanning confocal microscope (Leica TCS SP2) at an excitation wavelength of 480 nm for FITC using a 636 oil immersion objective.
PARP cleavage. At appropriate time intervals after infection, mock-and WN virus-infected cells were scraped and sedimented by centrifugation at 1000 r.p.m. Cell pellets were washed twice in icecold PBS and lysed in TNT buffer containing protease inhibitors at 4 uC for 30 min. Cell nuclei were removed from the cell lysate with a centrifugation step of 800 g. The remaining supernatant was subjected to SDS-PAGE and cleavage of PARP into truncated forms was assessed by Western blot analysis with antibodies against PARP.
SDS-PAGE and Western blot analysis. In brief, cell lysates were subjected to SDS-PAGE before transfer to nitrocellulose membranes (Bio-Rad) using the Phast system (Amersham Pharmacia). After transfer, blots were blocked in PBS containing 5 % skimmed milk for 1 h to saturate the non-specific protein-binding sites on the (Fig. 1c, d, At the indicated time, cell supernatants were harvested and plaque assays were performed. The trypan blue-exclusion method was used to determine cell viability throughout the study. Results from three independent experiments are plotted as the mean±SE.
100) Vero cells showed generalized cell swelling (Fig. 2c , arrowheads) and lysis (arrows) when compared to mockinfected cells (Fig. 2a) . At the ultrastructural level, extensive cytoplasmic vacuolation and loss of plasma membrane integrity was noted (Fig. 2d, arrows) . These morphological characteristics of cell death are consistent with necrosis (Leist & Nicotera, 1997; Koyama et al., 2001 ).
Release of LDH and HMGB1 protein
To confirm further that infection of Vero cells with WN virus at high infectious doses (m.o.i.¢10) induced cell death by necrosis and through the loss of membrane integrity, LDH activity and extracellular release of HMGB1 protein (a specific marker for necrosis) were assessed. The loss of plasma membrane integrity was determined by measuring LDH activity in supernatants of WN virusinfected cells. LDH is a stable cytosolic enzyme that is released into the extracellular matrix upon cell lysis. Using electron microscopy, Ng et al. (2001) have documented that by 12 h p.i., massive budding of progeny WN virus particles at the plasma membrane was observed when Vero cells were infected at an m.o.i. of 10. Therefore, the loss of membrane integrity observed in necrotic cells in this study could be due to extensive budding. To address this issue, WN virus-infected (m.o.i.=10) Vero cells were treated with cytochalasin B (an actin-disrupting drug) and extracellular LDH activities at selected time intervals were assayed; disruption of actin filaments with cytochalasin B was able to inhibit the budding of WN virus at the plasma membrane in our recent study (Chu et al., 2003) . A noncytotoxic concentration of 10 mg cytochalasin B ml 21 was used and a minimal increase in LDH activity was detected in cytochalasin B-treated cells, in the absence of virus infection (data not shown).
In contrast, there was a drastic reduction in LDH activity (approximately a 6-fold reduction) in WN virus-infected cells with cytochalasin B treatment (Fig. 3b) when compared to the untreated sample (Fig. 3a) . These results suggested that the loss of membrane integrity was due to the profuse budding of virus particles at the plasma membrane, eventually contributing to necrosis.
For WN virus-infected cells (m.o.i.¡1), there was only a slight increase in released LDH activity (1?8-fold) by 24 h p.i. (Fig. 3c ) and, subsequently, almost a 6-fold increase was observed after 32 h p.i. This level was still lower than infection with high m.o.i. and it took 20 h longer compared to data shown in Fig. 3(a) .
Previous studies have suggested that HMGB1 protein is a specific marker for necrotic cells, as this protein leaks out rapidly into the extracellular space when membrane integrity is lost during necrosis (Falciola et al., 1997; Degryse et al., 2001; Muller et al., 2001; Scaffidi et al., 2002) . Fig. 4(a) shows the release of HMGB1 proteins into the extracellular medium of WN virus-infected (m.o.i.=10) cells by 12 h p.i. Minimal HMGB1 protein was observed to associate with the nuclear fraction. Although some HMGB1 protein was observed in the extracellular medium of mock-infected cells, the protein was retained mostly within nuclear remnants (Fig. 4a ). This contrasted with the lack of nuclear retention of the HMGB1 protein in WN virus-infected cells.
This result was confirmed further using immunofluorescence staining for HMGB1 protein (Fig. 4b, c ). Clear nuclear staining was seen in mock-infected cells (Fig. 4b ), whereas there was minimal nuclear fluorescent staining in infected cells (Fig. 4c) (Fig. 5a , arrows) and detachment from substrum (cell rounding, arrowheads) were observed under optical microscopy. Using electron microscopy, further apoptotic features of chromatin condensation at the nuclear membrane (Fig. 5b , arrows) and nuclear membrane blebbing were revealed. The formation of many membrane-bound apoptotic bodies (Fig. 5c , arrows) was also observed at late times of infection (36 h p.i.).
Biochemical assays were also performed to ascertain whether the morphological changes observed in WN virusinfected cells (m.o.i.=1) were due to apoptosis. Fragmentation of chromosomal DNA into nucleosomal oligomers is commonly observed in cells undergoing the final stages of apoptosis (Nagata et al., 2003) . Thus, WN virus-infected Vero cells were examined for the presence of DNA fragmentation by extracting genomic DNA and subjecting it to agarose gel electrophoresis. As shown in Fig. 6(a (Fig. 6a, lane 3) and 100 (lane 4) did not show any obvious DNA ladder formation, instead only a smear of DNA was observed by 14 h p.i. The smear of DNA indicated products of nonspecific degradation of chromosomal DNA and this is typical of cells undergoing necrosis (Koyama et al., 2001) . In comparison, a single intact chromosomal DNA band was observed in mock-infected cells (Fig. 6a, lane 2) .
Consistent with the above results, TUNEL staining of WN virus-infected cells (m.o.i.=1) also revealed extensive condensation and fragmentation of nuclei (Fig. 6c, arrows ) when compared to that of the intact and rounded nuclei of mock-infected cells (Fig. 6b) . The inset in Fig. 6 (c) shows a higher magnification of the condensed DNA within the nucleus (arrowhead).
Release of holocytochrome c
The subsequent series of experiments was carried out to define the relevant apoptosis signal transduction pathway in WN virus-infected cells (m.o.i.=1). Release of cytochrome c from mitochondria is conserved in all mammalian cells undergoing apoptosis (Liu et al., 1996; Kluck et al., 1997; Leist & Nicotera 1997; Scorrano & Korsmeyer, 2003) . Cytochrome c is a small, 13 kDa protein which is attached loosely to the outer surface of the inner mitochondrial membrane.
Release of cytochrome c from the mitochondria into the cytosol of WN virus-infected cells was determined at different time periods after virus infection. Cytochrome c was detected as early as 14 h p.i. in the cytosolic fraction of WN virus-infected cells (Fig. 7a) but not in mock-infected cells (data not shown). By 18 h p.i., there was a remarkable increase in the presence of cytochrome c in the cytosolic fraction. Release of cytochrome c from the mitochondria is required for the formation of the apoptosome, which, in turn, is necessary for activation of pro-caspase-9.
Activation of caspases
Activation of caspases plays important roles in the mediation of apoptosis of mammalian cells. Caspase-8 and -9 are upstream caspases. Caspase-8 is activated by signalling pathways for CD95/Fas as well as tissue necrosis factor (Nicholson & Thornberry, 1997) ; caspase-9 is activated by the mitochondrial release of cytochrome c into the cytosol (Zou et al., 1999) . Both active caspase-8 and -9 can be involved in the initiation of downstream effector caspases, such as caspase-3 (Fernandes-Alnemri et al.,
1994; Zou et al., 1999) . Caspase-3 is involved in the execution phase of apoptosis and induces cells to undergo characteristic morphological changes (Porter & Janicke, 1999; Zou et al., 1999) .
The cascade of caspase activation was investigated in WN virus-infected cells. Vero cells were infected with WN virus at an m.o.i. of 1 and cell lysates were processed for caspase-8, -9 and -3 activity determination assays. At selected time periods, cell lysates from both infected and mock-infected cells were subjected to fluorometric assays. There was a slight increase in caspase-8 activity (Fig. 7b) but activation of both caspase-9 and -3 was significantly induced by WN virus infection (Fig. 7c, d, respectively) . Activation of caspase-9 activity was also observed to occur much earlier and at higher levels (20 h p.i.) (Fig. 7c ) than caspase-3 (26 h p.i.) (Fig. 7d) . This time sequence of caspase-3 and -9 activation correlated well with the fact that caspase-9 is required for activation of downstream effector caspase-3. No such activation was observed when cells were infected with high infectious doses (m.o.i.¢10).
Cleavage of PARP
Cleavage of PARP in WN virus-infected cells was determined using Western blotting. PARP is an abundant nuclear enzyme and is one of the earliest proteins targeted by caspase-3, -7 and -9 during apoptosis of mammalian cells (Casciola-Rosen et al., 1996) . During apoptosis, caspase-3 cleaves the 116 kDa PARP into a stable 85 kDa fragment containing the c terminus. Intact, full-length PARP (116 kDa) was detected in the cell lysate harvested from mock-infected cells (Fig. 7e) . Cleavage of PARP into the 85 kDa fragment was observed by 28 h p.i. in WN virusinfected cells. As infection progressed from 32 to 36 h p.i., the 85 kDa cleavage product of PARP became the predominant band.
DISCUSSION
The factors that can influence the severity of virus diseases are largely unknown. Solomon & Vaughn (2002) suggested that these factors could include virus characteristics (virus strains, infectious dose and site of entry), host and their interactions. In this study, it was observed that the infectious virus load was an influential factor in determining whether infected Vero cells underwent necrosis or apoptosis. With high infectious doses (m.o.i.¢10), necrosis was the predominant form of cell death, but apoptosis was observed when the infectious dose was at a low m.o.i. of ¡1. It appears noteworthy that the virus load can also determine the kinetics of infection. Vero cells that were infected with a high virus load (m.o.i.¢10) can accelerate infection and produce a much higher load of infectious progeny (Fig. 1c, d ), whereas a lower virus load (m.o.i.¡1) results in a delay in kinetics, with a lower load of infectious progeny (Fig. 1a, b) .
Infections exhibiting necrosis often are accompanied by inflammatory responses. During WN virus infection in humans, inflammation was observed in several locations of the body (Senne et al., 2000; Deubel et al., 2001; Sampson & Armbrustmacher, 2001 ). The characteristic features observed in the necrotic process include swelling of cells (Fig. 2c) , vacuolation of cells (Fig. 2d) , a burst of LDH release (Fig. 3a) and liberation of HMGB1 protein (Fig. 4) . Recent studies have demonstrated that HMGB1 protein is a critical factor that links necrotic cell death to inflammation Muller et al., 2001; Andersson et al., 2002; Scaffidi et al., 2002) . This protein is a potent macrophage-activating factor and a pro-inflammatory mediator cytokine that is released exclusively by necrotic cells but not by apoptotic cells (Scaffidi et al., 2002) . The release of HMGB1 protein contributes to the pathogenesis of systemic inflammation (Andersson et al., 2002) .
A previous study by Despres et al. (1998) also reported that dengue virus infection in Vero cells at a high infectious dose (m.o.i.¢10) resulted in the activation of necrosis in these cells. The possible explanation provided for the activation of necrosis in these cells was due to the cytotoxic effect resulting from the accumulating dengue virus particles.
However, in WN virus infection, the loss of plasma membrane integrity was due largely to the profuse budding of the progeny virus particles at the cell surface (Ng et al., 2001) , eventually resulting in cells undergoing necrosis. This was confirmed when Vero cells infected with WN virus at an m.o.i. of ¢10 were subjected to cytochalasin B treatment. The reason for this treatment was that in another study, actin filaments were established to have a prominent role in the mechanism of virus budding (Chu et al., 2003) . Disrupting actin filament formation with cytochalasin B would shut down the budding process leaving the plasma membrane intact (thus halting necrosis). The large reduction in released LDH activity (Fig. 3b) was used as the marker to indicate that the process of necrosis was slowed down markedly. Thus, the proinflammatory necrotic cell death after high dose WN virus infection was induced by the subsequent extensive budding to release progeny virus particles at the plasma membrane.
Consistent with Yang et al. (2002) , our study also showed that WN virus-induced apoptosis but only when a low titre inoculum was used (m.o.i.¡1) (Figs 5 and 6 ). During WN virus infection (at low infectious doses), cytochrome c was first detected in the cytosolic fraction by 14 h p.i. and increased substantially by 18 h p.i. (Fig. 7a) . Cytochrome c is one of the universal factors that is released from the mitochondria in response to the disruption of mitochondrial permeability. In the mitochondrial-mediated apoptotic pathway, the pro-apoptotic Bcl-2 family members Bak and Bax have direct effects on the endoplasmic reticular Ca 2+ pool, with subsequent sensitization of mitochondria to calcium-mediated fluxes and cytochrome c release (Nutt et al., 2002) . In addition, Parquet et al. (2001) have documented the upregulation of bax in WN virus-induced apoptosis. Upregulation of pro-apoptotic bax in WN virusinfected cells by acting on the upstream of the pathway would therefore activate the mitochondrial-mediated apoptosis pathway observed in this study.
The release of cytochrome c and other proteins then activates pro-caspase-9 in the apoptosome complex. Caspase-9 activity was substantially upregulated within 2 h after the release of cytochrome c in WN virus-infected cells (Fig. 7c) . The activation of pro-caspase-9 led to activation of effector caspases, such as caspase-3 (Fig. 7d) at 6 h later. This in turn results in the cleavage of a number of cellular proteins that contribute to the irreversible events in cell death (Kroemer et al., 1997; Zamzami & Kroemer, 1999) . The cleavage of PARP was subsequently detected after the activation of caspase-3 (Fig. 7e ).
In conclusion, the mitochondrial-mediated apoptotic pathway was involved in cells infected with WN virus at low infectious doses. This differs from the necrotic process observed in Vero cells infected with WN virus at higher infectious doses (m.o.i.¢10).
